Abstract: Technology of MIMO using multiple antennas and Carrier Aggregation operating multiple frequency bands are introduced in a mobile terminal to improve communication capacity. However, if plural MIMO antennas are installed closely, mutual coupling between the antennas must be reduced to suppress deterioration of radiation efficiency and increase of correlation coefficient. In this paper, we proposed a decoupling method for dual-band using trifurcation elements. Moreover, it is confirmed to be broadened decoupling bandwidth by optimizing branch width and length.
Introduction
Technology of MIMO using multiple antennas and Carrier Aggregation operating multiple frequency bands are introduced in a mobile terminal to improve communication capacity. However, if plural antennas are installed closely, mutual coupling between the antennas causes deterioration of radiation efficiency and increase of correlation coefficient. Consequently, channel capacity is decreased [1] . Therefore, if MIMO and Carrier Aggregation technology are introduced in a small limited space such as mobile terminals, decoupling method for multiband must be devised. Hence, various decoupling methods have been developed. Among them, a decoupling method for single-band using bifurcation elements has been confirmed [2] . In this method, if the admittance Y 21 is close to 0 at desired frequency, it is possible to reduce mutual coupling. By the bifurcation structure of different length, Y 21 resonance are generated at two frequencies. Between two resonance frequencies, Y 21 nearly 0 can be obtained.
If operating for single-band, it is not possible to introduce Carrier Aggregation technology. Decoupling method often used for dual-band is to connect each antennas by decoupling network such as lines or circuits [3, 4, 5] . However, decoupling network generates electrical loss and restricts antenna arrangement. In this paper, a new decoupling method between two element MIMO antennas for dual-band is realized by using trifurcation elements [6] . In this method, it is necessary to neither connect the antennas nor modify the ground shape. Therefore it can flexibly cope with installation conditions. It is confirmed S 21 is less than −10 dB while S 11 is less than −10 dB by using matching circuits for dual-band.
Moreover, the method of improving fractional band width are proposed. It is confirmed to be broadened decoupling bandwidth by optimizing branch width and length [7] .
The decoupling method and analysis models are shown in Section 2. The results of antenna characteristic are shown in Section 3. Finally, Section 4 presents conclusion on this study.
2 Decoupling method and analysis models 2.1 Basic principles of decoupling method S 21 of S-parameters representing coupling coefficient can be expressed as:
where Y 11 and Y 21 are admittance Y-parameters. According to this formula, mutual coupling can be reduced if Y 21 is close to 0. Fig. 1(a) shows the equivalent to current path of 30 mm Â 1 mm monopole arrays. Fig. 1 (b) shows the trifurcation monopole arrays which are added the long branch and the short branch. Y 21 of each antennas are shown in Fig. 1 (c) and (d). In the monopole arrays, there is only one current path, and only one Y 21 resonance are generated at 1.6 GHz. On the other hand, the trifurcation antenna has three current paths. Firstly, Y 21 resonance are exist at 1.6 GHz by the 30 mm Â 1 mm middle branch the same as the monopole arrays. Secondly, by added the long branch, Y 21 resonance are generated at lower frequency of 1.3 GHz. Finally, added the short branch, generated at higher frequency of 2.2 GHz. Hence, the trifurcation antenna generates three types Y 21 resonance. Between the resonance generated by the long branch and the middle length branch, real part of Y 21 can be considered to keep almost 0 around 1.5 GHz.
And also imaginary part of Y 21 is reached 0 by changing from positive to negative value. Moreover, the same effect can be obtained between the resonance by the middle length branch and the short branch around 2.0 GHz. Therefore, the decoupling condition of Y 21 nearly 0 can be realized at two frequencies of 1.5 and 2.0 GHz in the trifurcation arrays.
Broadening bandwidth method
In this section, the method of broadening decoupling bandwidth is mentioned. According to Fig. 1(c) and (d), if the each branch elements have the same width, the resonance generated by the middle length branch is close to the resonance by the long branch than the short. At that moment, because the range of Y 21 nearly 0 is narrow, the decoupling bandwidth is not much wide around 1.5 GHz. The fractional bandwidth representing the bandwidth of S 11 and S 21 are less than −10 dB is 1.7% at 1.5 GHz and 2.6% at 2.0 GHz. Therefore, it is desirable to spread the interval of the resonance frequency. Fig. 1(e) shows imaginary part of Y 21 in the trifurcation model when the width of middle length branches varies in the range from 0.1 mm to 2 mm. The width of long and short branches are fixed 1 mm. The length of the long branch is fixed at 40 mm, and the occupied area of antenna elements are also fixed 40 mm Â 6 mm. The length of middle length and short branches are optimized to obtain imaginary part of Y 21 ¼ 0 at 1.5 and 2.0 GHz. If the middle length branch width is 2 mm, the interval between the resonance are spread across 1.5 GHz. Therefore, the slope of imaginary part of Y 21 around 1.5 GHz becomes gentle, and the range of Y 21 nearly 0 can be broadened. Because of this, the decoupling bandwidth can be enhanced around 1.5 GHz [8]. On the other hand, if the middle length branch width is 2 mm, the interval between the resonances are narrow across 2.0 GHz, and the slope of imaginary part of Y 21 becomes steep. However, it has sufficiently gentle slope of imaginary part of Y 21 to S 21 becomes −10 dB in broader range than S 11 . Consequently, we propose a new trifurcation model of different width.
Proposed antennas
In Fig. 2(a) and (b) , two trifurcation models of closely spaced two element MIMO antennas are shown. These models are designed the trifurcation length to perform decoupling at 1.5 and 2.0 GHz. In the trifurcation model, the width of the each branch elements are 1.33 mm. On the other hand, in the wideband trifurcation model, the width of the middle length branch is 2 mm, and the others are 1 mm. The intervals between each branches are 1 mm. These trifurcation elements that have occupied 40 mm Â 6 mm areas are symmetrically arranged in 2 mm in the close distance. This distance is one-hundredth of wavelength in the free space at 1.5 GHz. These antennas are installed on one side 35 µm copper plate FR4 substrate and the ground plate size is 90 mm Â 50 mm Â 0:8 mm. In all models, matching circuits are installed to operate at 1.5 and 2.0 GHz.
In Fig. 2(c) , S-parameters and matching circuits of the trifurcation model are shown. Because the trifurcation structure realizes Y 21 nearly 0 at 1.5 and 2.0 GHz, S 21 is less than −15 dB at 1.5 GHz and −13 dB at 2.0 GHz while S 11 is less than −10 dB by matching circuits. The fractional bandwidth is 1.9% at 1.5 GHz and 3.9% at 2.0 GHz. Fig. 2(d) shows S-parameters and matching circuits of the wideband trifurcation model. Similarly in this model, it is confirmed that decoupling effect is performed. The fractional bandwidth is 2.5% at 1.5 GHz and 3.8% at 2.0 GHz. It is confirmed that the fractional bandwidth is improved at 1.5 GHz due to spread the range of Y 21 nearly 0 by widened the middle length branch width.
Antenna characteristic of trifurcation arrays
In this section, the results of proposed models are mentioned. Fig. 3(a) and (b) shows correlation coefficient and radiation efficiency around 1.5 and 2.0 GHz. Correlation coefficient is calculated by simulated radiation pattern, and the condition of XPR is 0 dB. The calculation and measurement values of radiation efficiency are in good agreement. The wideband trifurcation model has lower correlation coefficient in the broadest range due to broaden the decoupling bandwidth. Similarly, radiation efficiency is improved. Around 2.0 GHz, the antenna performance of the wide band model are maintained same as the trifurcation model. Moreover, In Fig. 3(c) and (d), channel capacity calculated by simulated radiation pattern of all models are shown. The w/o decoupling model is 40 mm Â 6 mm two element monopole arrays which have the same occupied area as the trifurcation. The matching circuit loss is considered. The calculate condition of XPR is 0 dB, and SNR is 20 dB. The angular power spectrum of incoming wave is uniform in azimuth and Gaussian distribution in elevation [9] . Gaussian angular spread is assumed 20 degrees. Based on our calculation, the wideband trifurcation model can be maintained high channel capacity in the broadest bandwidth. 
Conclusion
In this paper, a decoupling method for two closely antenna arrays at dual-band using trifurcation structure is proposed. The trifurcation element of different length can generate three types Y 21 resonance and can realize the decoupling condition Y 21 ¼ 0 for dual-band. In addition, by optimizing the branch width and length to spread the range of Y 21 nearly 0, the decoupling bandwidth can be enhanced. Therefore, the high channel capacity can be maintained in wide bandwidth. As a result, the proposed method is possible to introduce MIMO and Carrier Aggregation technology in mobile terminal by only modified antenna element shape. 
